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(54) Optical modulator 

(57) An ppjtlcal modulator comprises a bi-moded 
fixe (2) (6it^i4iii^hgY>^^^ 

transmisac»i iribd^ obiupied b^een input ahd oiitput 
single mo&e filJrfeis 11, 3). Thia two inodes in the bi- 
moded fbre (2) int^er^ and the intensity of the radia- 
tion that passes to ttib singje ni^e output f£i'e (3) is a 
function qfthe rdld^e'^hi^i^ the first 4nd sedbtxf 
nKxfes. Tlie bi^nod^ fibre (2) is etedrically pbieci^rid 
is provided with modulating electrodes (19, 20). Wtien a 



mpdulatirig vpltag^e fro^ a modulating ,spurqe (\Q is 
applied to the electrodes, ttie refractive index of the 
wiv^id^ j^rtli^^ mode js altei'^^^e^ 

atiye to ttie refraciKW inid^ oif the yy^yeguidi^ for the;^ 
ohd mode such as to change the phas<s dlfferenc^^ 
t>etw6en the nxxJes at the entrance to the output fbre . 
(3) so as to control tfie intensity of optical radiatibn ttiat 
passes through the output filxe (3). 
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Description — ' ^ ■ .. _ ; ■ :.;;}:;.' -v', 

This Invention relates td an optica modulator tor use in waveguides such as otJticai fibi-es or planar 8ut}strdte 
devices. 

Hitherto, an optical multi-waveguide interf erence'f ilter has bew) profio^, in vvWcH a first viaveguide capable of sin- 
gle mode transmission, is coipled to a secorid waveguide capable of supporting at least two transmisision rpodes. A 
third waveguide supporting a single mode is used to pick ijp light from the second, muttmode waveguide. Iri use, light 
in a single mode passes from thef irst waveguide into the second waveguide where it is transmitted in tw rii)d^, whidr 
interfere wifli one another By an appropriate selection of the length of the second waveguide and it? optical chatsapterr 
istics. the interfering modes prodiK^ an amplitude peak at the entrance to the ttiind waveguide, wWch shifts diametri- 
cally across the input to the third waveguide as a function of wavelength. The filter is described in detail in "An Optical 
Multi-waveguide Interference Filter M. Earnshaw eit ai; Optics Commmications 115 (1995), 339-342; VMay 1995: 

It has also been proposed to sense temperature by sMsfhg ftiode-nwde interference in a birefrtrigerit optical fibre 
asdescribedbyW.Eictoff, Optics Letters, Vol. 6, Na 4 April 1981 pp 204-206. . . : ' 

Bedrooptic modulation of a silica-based ftore has been proposed by T. F^iwara et al. Electronics Letiere, 30 . 
March 1 995, Vol. 31 Na 7, pp 573-575. In order to pole Uiefa3re and provWe it with an electro-optic coefficient, a vblta§e- 
was apptied to wires inserted into the f bre whilst irradiating H with ultraviolet radiatioa Thereafter, the application of a 
voltage to the wires produced a phase shift for optfcal radiation ti^nsmitted through the fibre. 

The present invention provides a different approach for pnocfcjcing nxxlulation in an' pptteal WaveSiiWe. - ' 

In accordance witti the invention there is provided 'fihoptioal modulator comprising: a waveguide for supporting first^ 
and second different optical ti^nsmissfon modes, ah output for optical radiation from the waveguide.' the^ ftrtSnSity'of tlTa; 
radiation that passes through ttie output being a fohctibn of the relative phases of the first and second modes at the 
output, and modulating means ttiat is opa^blo to alter selectively the rrfractiye. index of the waveguide for the first trans- 
mission mode relative to the refractive index of the waveguide for «ie second mode such as to change the phase differ- 
ence between ttie modes at ttie output and tiiereby control Bie intensity of optical radiation thatpasg&^ tfirtsbah ffi^^^^ 
output 

Stated *fiffererttty. t^^^^ provides ah optical ittoddiatpr compriaiigra waVegwde" fi* suj^^ aRcl &eb- 

ond<«ferefTt optfcal tran^^ 
tion that passes tWo^Sl^n^ outpt^ 
and nxxJiJl^rig nieare fat Is^ 

the niodes;?rt1H6 0^ tiie irtensity <rf fpptical radiation tfratF^sses^to^ 

■"le yray^giWeimay be fb^ eledtb^djatic materiaJ modulatirig m^ rray (»ifi^Hserafeai^^^i^^ 
ing ail etecHc fieiato the W«te^^^ "TheiiictJtWptic nietterta^^ 

thermally poled. -. -^^^ 

The modulatpr according to the invention may be fanned in an optical'f bre, ktcfi as ^fcai&fed fibre, wttic^ 

been thermally pded. The idxQ may include electrode means ninniig along the lengtfi thereof to pennit a modulating 

voltage to be applied. ■ 
A nrodulator according to the iriyention may jUso be jembodied in a planar waveguide device. 
The waveguide may be fofm«dfd|ifn^^ <S>erativ©;!td inject car- 

-riers ttierein to produce Bie refra^eirtf«y[eraffait^^ 

Hon. " 

In Older ttiat tiie Invention maybe nrwrefuBy understood embodiments thereof will now be d^crtoed by way of 
example with reference to ttie accompanying drawing^ hi whicti: w 

Figure 1 is a schematic cross sectional view of a ffcre modulator in accordance with «ie invention; 

Figure 2 is a schematic illustration of the f Sire modulator connected to a laser source and an optical detector 

Figure 3 is a cross sectional view through the f tore 2 shown in Rgures 1 and 2; 

Figure 4 is a schematic plan view of a planar optical vravegukle devtee incorporating a modulator according to the 
invention; and 

Figure 5 is a schematic cross section laken atong ttie line A-A' of Figure 4. 

Referring to Figure 1 , an optical Ibre arrangement including a modulator according to the invention, is shown. The 
anangement comprises a first single mode f tore 1. a second, dual mode fibre 2 and a tiiiid lengtti of fibre 3, which oper- 
ates Bi single mode. The ftores 1 and 3 are fusion butt-jointed to opposite ends d the f tore 2, by means of fusion spfices 
4, 5. 

The f bres 1 , 3 are conventional single mode ftores as used for optical leleconmunications. They typi<ally conprise 
silica based ftores with a Qe/B doped core 6. surrounded by a SiOg dadding 7. Typically, the core dameter is 8 jun and 
the exterior dadding tfameter is 125 jim. By way of example, ttie refractive index of ttie dadding /ictaddha to tight at 1 550 
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nm is approximately 1 .45 and the difference between Ifie refractive indices of the core and the cladding n,^^\^ 

• "core - "cladding = 45x10' 

The second fbre 2 includes a core 8 surrounded by a dadding 9 and is of the. same general construcbon as the 
single mode fibres 1 and 3 tiut is.capable of supporting multiple transmission modes. As is known in the art, multiple , 
mode transmission can be achieved wtien a fibre parameter u known as the nonnalised frequency, exceeds a paflicUar. 
value, where » 



'Ji" com'" dadding) 



wheresa is the radius Of the cores Assuming that the refractive index n^^.n^-' n^ja^pg , and An= n„„ r n ffaMing 
, then this can be expressed as: 

f^ -r^.'.. : ■ . ■ : ■ r ....... . ., . ■. .T . . ^ ^ , 



TypicaRy,^ mulbniode operation can occur if o exceeds a value, of 2.405. From equation (1), it catibe seen that this.! 
can be achieved by making an appropriate selection the of values of.An and the core radius a . Thus, by a ^fta^e . ; 
selection of fbre parameters, the fibres 1 and 3 have a V value of less than 2.405 arxJ the f lire 2 has a vafuev^^ti^ ^ 
greater than 2.405. , . ; 

zs In the following example, the core 8 of the multimode fibre 2 has a radius a that is less than that of the single mode . 
fibres 1 , 3. as will be described in more detail later, together with an appropriate value of An. t^igher than that of the sin-, 
gle mode.fbres .1, 3, in order to satisfy the conditions required to support dualmode transmission. Ttie fbre 2 jnajr be' . 
formed of gemiania doped silica, with or without boron sodium or defect n6h dopant such as cenum. The fibre.in jlhi^ 
example supports the LP 01 and LP 11 transmisskin modes. A typical length L for the fUxe 2 is 2.4 cm. TFie length of 
30 the fixes \^.3 IS not cnbcal 

Refemnc[>to Figure 2, the fbre anangement of Figure 1 is connected at one end to a laser 10 operative in the ISOO. ' 
nm telecorraminicabons band,^vvhich injects optical radiation into the core 6 of fibre 1. Light emanatang from theox^^ . 
of fibre 3 is.tocLised by a lehs 1 1 onto an optical detector 12. The optical fbre 2 operates as a modjiaior as will.ncwb^'^ 
explained in more detail. Rgure 3 illustrates a transverse cross section of the fibre 2 and generally correspords to,the 
35 opitical fbre shown in Figure 9 of our oo^nding PCT^B97AX)266 filed on 30 January 1997 (Which designates^i^d).L 
When viewed m cross section, the fibre has^a relatively broad dimension b and a/efatively narrow dimension w/m a. . 
second direction normal to the first direction. Two recesses 13. 14 have a depth d extend from planar surface regions 
15, 16 towards the core 8 along the length of the fitxe. Tfie planar surface regions 15, 16 are connected b]^ cufved, . 
cylindncaj,surf^ce regions 17, isjhat extend along the length of the fibre. IVpically, the breadttii b te 250 ^ni« the mtti\ . 
40 M:ri8.:ipa!fim:and the depth of ttie^ecesses Is of the order sb'iua !hie bottom of the recesses Vs, 14 ar^i^ii^^ fiXHti ' : 
tfie core by 9-1 S pm. The diameter of the core 8 Is typically 4 - 8 pm and In this example is 6 iim Tbe value An tor , 
thepx4:2|sO.Q12andne)ad(iingls1-45 . , . . 

The recesses are coated tfnttj electrodes 1 9, 20, formed 1^ evaporatipn of a metallic source and deposition .of 1he 
vapour in the recesses^ The electrodes 19, 20 may be formed of gold. The recesses thereafter are filled with an elecbi- 
45 cally insulating material such as silicon rubber 21 so as to protect the fbre from glass/air delectnc breakdowii arxl. 
flash-over. A^.sfKMvn in Figure 2, external leads 22, 23 are connected to the electarodes 1 9, 20 respectively. Rx fulfier 
details of the fbre structure, including details of its manufacture arxi the doparrt concentrations used refererue Is 
directed.to.PCT/QB97/D0266 the^ontents of which are incorporated herein by reference. 

The core of fbre 2 is plK>tosensitive to UV light When doped with Ge or Ge and B, it is pfiotosensitive to radiation ,. 
so wHh a wavelength of 244 nm. The matenal of the fibre cdn bd poled by heating the fibre and applying an eiectnc field 
between the elecbxxies 19, 20. wtnlst directing UV Eght at 244 nm towards the fbre. This is descrbed in more detaB In . 
T. Fujiwara, D. Wong. Y. Zhao. S. . Flamming v. Grishiina and S. Poole 'UV Excited Poling and Electncaily Tunable^agg 
Gratings in a Qermo Silicate Fbre'. post deadline paper OFC 1995 (Feb 1995). Further details of fbre poling mettyids 
can be fourfd in "Phase Matched Second-Harmonic Generation by Periodic Poling of Fused Silica' R. Kashyap et al' 
55 Appl. Phys. Lett. 64 (11) 14 March 1994 pp l 332-1 334: 'High Second-Order Non-lihearities in Poled SUtcate Fibres' 
P.a Kazansky et al. Optics Letters, 15 May 1995, Vol. 19 Na 10 pp 701-703 and "Electixii-Optic Phase Mddiilafion in a 
Silica Channel Waveguide* A. 0. Liu et al Optics Letters Vol 19, No. 7 1 April 1994, pi} 4i66-46ai. As a GpectTic ei^^ 
the poKng voltage was applied directly to the electi-odes 19, 20 and was if> to 2ky over 35 pm, givihg a field sti^eHjjihfi^^^i 
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the order of 5 - 6 xio' vAn. Atteriiiatively. the pdihg voltk^e be afjjDlied tb the f toir^ tis&ig an additioi^^ 

a Si wafer as descrtoed in "A Poled Electrooptic Ftoer" X.C. Long et al. IEEE Photonics Technology Lett Vol 8. No 2; 

February 1996, pp i227-229. The poling teitperature vras 260-28(^^ 

It has befeh foUiid that after poling, when an el^ib vblisigefe applied fo^ t^^^^ 20. the filxe pirSsi^HtS & 

different refracBve index to tftia LP 01 ahd the UF* 11 trar^misitfdn mode restittir^ irt fiArtiilfeyiiteperideiTt pha^'dlffei'-^ ; 
ence between them. As a result the two modes interfere 1^ an amoimt dependent upon the applied voltage. K has beeii 
found that by varying the applied voltage, the amplitude peak produced as a result of interference can be swept aaoss 
the entrance to the single mode core of the third fBire 3 showm in Figure 1 . at the butt joint 5. Ttius. Ijy varying the volt- 
age produced by the modulated voltage source V, the interi^iity bf light received ial the optical detector 1 2 can be varied. 
Thus, the device can be used as a modulator. 

A specific example of the appHed voltage range, is up to 1 kv. This corresponds to a range of applied field of 0 -> 
10^ v/m. The contrast ratio aChles^e is erf thfe order df- iii09fc -Th6 Bit'ri^^^^t^^^^ 

described example optical modulator according to the invention, is of the order of ten times greata' tfian can be 
acheh/ed with a comparable conventional lithium niobate doped optical f ilxe modiJator and is typically > 20QHz. 

Another example of the invention will now be described with reference to Figures 4 and 5. In this example of the 
invention, the optical waveguide is fonned in a planar sutjstrate, typically m^is oiLsiljcod details of how a silicon sub- 
strate can be processed in order to provide a doped silica waveguide as an eloti^^te'istrip.'sia'rbunded by an undoped 
silica cladding region, is cfiscussed in detail in our US Patent Na 5 342 478 dated 30 August 1 994. 

As shown In Figure 4 and 5. the device comprises a slicon sut2stFate24 and an elongate vraveguide 25 formed on 
tfie substrate 24. As shown in the cross section of Rgure 5. the sut)sbrate 24 is formed vwth a trench filled with tjierrpal 
oxide 26 orto Whi<ai a doped 

shown) is p^sma etched, iising c»iii*^entibrial tift^ teCliHiijues iri btdert- to fe«if»' ife^ ^5 shc$iAin HVplST^^nW ' 

in Figure 4:TKereaffer, thet^on 25 is ccii/ered with ah iihdOpiKf icbade layrer 27^. Th6 oiiddeMa^irs ieareil'ZYtl^ iciem 
a cladding around the core region 22 of the wraveguide. The process may utilise the well known technique of 1^ a^". 
disation of silioDh (to6xDS5i ■ n ;>iid;v;:i <i ; 

As can bfe seen iri f^^ure 4, the wayegiiide cdrei 25 indiides a firSt r^k>h 25i-(iapaibie 
the second r^i3rt 25^.iriaW^ 
capable of feingla fttode ^0^ 

and 5 urn respecfively. A typical tWtknes^ for the i'egibh 25 is of the (ktier#6 

wider than the single moded regions 25i . 3 in contrast to the prevfously descrBjed ftore configuration of Rgurii^ In thS 
devk»ofJ^Ur6 4^tlwra^^ 
W-moded artd:arig|i&i^^ 

condition of ^<iijatiohtl) WtiHiiibdkl iOp^^n; thei 01^6^ rtS^crt 

greater ttiah tfie dimenstons x,. X3, A typical va)ue1br An is 5 x lOr^ and a typical ap^owniate vali)S« ndadding >^ 1 
An example df th e cbre dbiDart i^^ 

regions 25i. 263 ar6 qffeet frfam the lohjgitiklinai centrelBi6 y oif fli^'core 25. ih tliie Mhner d^toedl by Earr^haw etali' 

supra. ■ r/'V " . ■;:--'-r>:.'^ •■■■.^-■v.?'- --■::;^iy<..,--/:^f:.:.~ 

A miteBi^alibrt }^&iM.'iCfjn by akiidvnl 
region tile i^iartd^ 6f ttwi^rabfetrate 

■28. 29.can 

explained Tiia aiectita^ 28. 29lte eb^^ fe oHirite iJbiikcf 

shcwm In Figure 2 so that a modulating voltage can be applied from the source V. In use, the tWrpeMi«e,^f l^jdM-eri^ths 
and voltages used for pfe and nwSdiiiafioh arei as fpi^ the ^mlxiSm^ b^^^^ 1 . 

Tlwjs. ih use; Oght frim the feW 10 is diri^^ ihto the first, eir^ler^ 
passes intothebi-rtipdaj regidH 2^. The t^ modes df propagation ihterf^ vnth one eiiic^ 
descril>ed. iTie phase differehcebietw the Intlrfering modes deiiends orith^ voltage V^^^^ 
27 in the bi-mbdal i-e^on 2^ and the imeHererice peak vvhich can be produced ait tha enifran^ to the^ third sirigfe h]iode 
region 263 is shifted laterally across the erf -tiie er%nce di^rtcfir^ on ttiei'^^ Aisa result, theihteri- 

sity of the lij^ht enterii^q the singleitteda riegiOT:253'd^^ oil. ne an^ieil 
device tMusecl tb^ m 

Otho- deviq« iii iaaxxdahc^ '*>8 irtverta 
waveguide «m be a sortiooW Iri 'TTireNMvjn^^^^ FtJ; 

Manning 4 D:A.b: pavi!e§. 1^ Vbi 19, No 12, JMOa 1994. ^ .(te9-6^Y: i|'the of Flgiir# 4 is opn^b^ed 
as a semicohdud^ vrayaguide, havjrig a senikwhductbr ewe cbrtfigunBition tien'espcwicfiriti to th€i shisipe ishowh in Rguii 
4. the refractiye index of ttie core presented to the different rnodes in the bi-moded regtori 263. cam be selectively aitw^ 
by ir^ecting (^ets b^ means of a modulating optical source, at a vravelength dfferert from that of tha'Dght from laiser 
10. giving rise to an all-optical device. 

Also, those skilled in thie art will appreciate that in practice, a corWentional single mode optical fbre will, to'a ceriahi 
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extent support bi-modal operatipn. Thus, it wSj b& possit}le to practise the invention in a conventional single.mode fbre, 
l>y polingit and providing modulation electrodes, and forcing it into tji-moded operation. Thus the invention can be per- 
fbrmed In a single length of fbre without the need for the butt joints shown in Rgure 1 . 

As used herein, the term "optical radiation" includes boih visitile and non-visit)le optical radiation, such as ultraviolet 
and infrared. 

Claims 

1. An Optical modulator comprising: 



a waveguide for s^}po|tng tirgt and se<^nd different optrcal transmis^^ 

an output for optical radiation from the vraveguide; the intensity of thd radiation that passes through the output 
tieing a function of the relative phases of the first and second modes at the output, 
and modulating means that is operable to alter selectively the refractive Index of the waveguide for the first 
IS transmission mode relative to the refractive index of the waveguide for the second mode such as to change the 

phase differerKe between the modes at the output and thereby control the intensity of optical radiation that 
passes tfvough the ouij^ 

2. An optical modulator con^dsing: 

20 

a waveguide for supporting first and second different optical transmission modes, 

an output for optical radiation from the waveguide, the intensity of the radiation that passes through the output 
being a function of the relative phases of the first and second modes at the output, 

and rTKxJulating means that is cperat)le to apply a field to the waveguide so as to change the phase difference; 
25 between the modes at the output and thereby control the intensity of optical radiation that passes through this 

output. 

;i 3. An optical modulatw accordihg to daim 2 vvhereih the fields in^ : - ; 

. 30 A. Anopti(^ mMlUlatoraccoidirigtodaim2or3wherein thefieldisirducedd 

^ 5. An optical modulator according to any preOMing daim wher^^ 

and the nxjdidating me^tns ranprises.meiaihs for applying an electric 

35 . 6. An optical modulator according to daim 5 wherein the electro-optic material comprises electrically pol6d material. 

7. An optical modulator according to daim 6 wherein the electrically poled material is thermally poled. 



•40 
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8. An optical modulator accordflig to dairh e.wherein tt\e electrically poled material comprises thermal^ poled sifica. 

9^ An optica! mocUator aocoiiiirtg to any preceding dairn indudjiig art bi^iilt to the vyaveguide, for feeding optical radi- 
ation into the waveguide. ^5^^ - A/ . ' 

10. An optical modulator accoidio^ to any preceding daim whereiri the Waveguide comprises an optical fbre. 

11. An optical modtdator according to anyone of claims 1 to9 whermthe waveguide comprises a planar structure on 
asutjstrate. 

12. Ah optical modulator accordhg to any preceding daim wherein the waveguide has been poled using UV radiation. 

13. An optical modulator accoiiti^ to daim 1 wherein the waveguide is formed of semiconductor material, and ttie 
modulating means is operative to inject carriers therein to prbduc$t,6aid refractive index alteration. 

14. An optical modulator according to daim 13 wherein the modulating means comprises a source of optical radiation. 
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